Mutations in the human progranulin gene resulting in protein haploinsufficiency cause frontotemporal lobar degeneration with TDP-43 inclusions. Although progress has been made in understanding the normal functions of progranulin and TDP-43, the molecular interactions between these proteins remain unclear. Progranulin is proteolytically processed into granulins, but the role of granulins in the pathogenesis of neurodegenerative disease is unknown. We used a Caenorhabditis elegans model of neuronal TDP-43 proteinopathy to specifically interrogate the contribution of granulins to the neurodegenerative process. Complete loss of the progranulin gene did not worsen TDP-43 toxicity, whereas progranulin heterozygosity did. Interestingly, expression of individual granulins alone had little effect on behavior. In contrast, when granulins were coexpressed with TDP-43, they exacerbated its toxicity in a variety of behaviors including motor coordination. These same granulins increased TDP-43 levels via a post-translational mechanism. We further found that in human neurodegenerative disease subjects, granulin fragments accumulated specifically in diseased regions of brain. To our knowledge, this is the first demonstration of a toxic role for granulin fragments in a neurodegenerative disease model. These studies suggest that presence of cleaved granulins, rather than or in addition to loss of full-length progranulin, may contribute to disease in TDP-43 proteinopathies.
Introduction
Frontotemporal lobar degeneration (FTLD) is the second most common cause of dementia in individuals under 65 years of age and is characterized by progressive changes in behavior, personality, and language (Neary et al., 1998) . FTLD oftentimes presents with motor neuron disease (or amyotrophic lateral sclerosis; ALS). Once thought to be unrelated disorders, FTLD and ALS are now understood to lie at two ends of the same disease spectrum (Murphy et al., 2007) . This belief is supported by the identification of TDP-43 inclusions in large sets of both FTLD and ALS cases (Neumann et al., 2006; Mackenzie and Rademakers, 2007) .
TDP-43 inclusions are found in individuals with familial forms of FTLD due to loss of function mutations in the progranulin gene (PGRN; Neumann et al., 2007) . Progranulin is a highly conserved, secreted glycoprotein with multiple functions including regulation of inflammation, stress response, and programmed cell death (Cenik et al., 2012; Petkau and Leavitt, 2014) . The holoprotein can be cleaved by proteolytic enzymes into individual granulin peptides, whose function seem to oppose those of progranulin, at least with respect to wound healing (Zhu et al., 2002) . Progranulin haploinsufficiency leads to less than half the expected amount of circulating protein (Ghidoni et al., 2008; Finch et al., 2009; Sleegers et al., 2009) , possibly due to abundant cleavage of the deficient holoprotein into granulin fragments. Importantly, homozygous loss-of-function mutations in progranulin do not cause FTLD with TDP-43 inclusions (FTLD-TDP), but rather are associated with neuronal ceroid lipofuscinosis (NCL), a juvenile onset lysosomal storage disease with seizures, ataxia, and blindness (Smith et al., 2012) . As homozygous loss of PGRN is linked to NCL and heterozygous loss of the gene causes FTLD-TDP, it appears that absence and deficiency of progranulin lead to distinct clinicopathological states. Granulins are produced in progranulin haploinsufficient but not null states, suggesting that the presence of granulin cleavage fragments is a critical factor in modulating disease phenotype.
We wondered whether granulins could directly contribute to TDP-43 toxicity and disease pathogenesis. Caenorhabditis elegans, Drosophila, mouse, and other animal models of TDP-43 proteinopathy have shown that expression of either wild-type or mutant forms of human TDP-43 promote neuronal dysfunction, behavioral deficits, and neurodegeneration (Wegorzewska et al., 2009; Ash et al., 2010; Hanson et al., 2010; Kabashi et al., 2010; Li et al., 2010; Liachko et al., 2010; Stallings et al., 2010; Tsai et al., 2010; Xu et al., 2010; Igaz et al., 2011; Vaccaro et al., 2012) . In this study, we examined the role of granulins in TDP-43 toxicity using a C. elegans model of TDP-43 proteinopathy. Complete loss of the progranulin gene had no effect on TDP-43 toxicity. In contrast, we found that pgrn-1 mutant animals expressing TDP-43 in the presence of specific granulins exhibited behavioral impairments significantly greater than animals expressing either TDP-43 or granulin alone. The degree of impairment suggests a synergistic effect between these molecules. The effect was circuit specific and associated with higher levels of TDP-43. These data implicate granulins as potentially playing a pathogenic role in FTLD-TDP.
Materials and Methods
Strains. C. elegans were cultured at 20°C according to standard procedures. Strain descriptions are at www.wormbase.org. The N2E control strain was used as the wild-type strain. The pgrn-1(tm985) strain has a 347 bp deletion in the pgrn-1 gene resulting in a null allele . All animals assayed were hermaphrodites. The following C. elegans strains were used in this study: CF3050 pgrn-1(tm985) I; CF3577 N2; muIs206 , Line 1; CF3578 N2; muIs206 , Line 2; CF3588 pgrn-1(tm985) I; muIs206 , Line 1; CF3589 pgrn-1(tm985) I; muIs206 , Line 2; AWK33 pgrn-1(tm985) I; rocIs1[P pgrn-1 ϩTMdomain::granulin1::FLAG:: polycistronic mCherry ϩ P unc-122 ::GFP]; AWK88 pgrn-1(tm985) I; muIs206 ; rocIs1 [P pgrn-1 Generation of transgenic C. elegans. To generate strains expressing the individual granulins, each granulin was amplified separately from wildtype C. elegans progranulin cDNA using the following primers:
Granulin 1 (forward: 5Ј GGGGACAAGTTTGTACAAAAAAGCAG GCCACCAATGCGACGCAGAAACTGAG 3Ј, reverse: 5Ј GGGGAC CACTTTGTACAAGAAAGCTGGAATGCATCTAGCTCCTTGTGGAT CACAA 3Ј); Granulin 2 (forward: 5Ј GGGGACAAGTTTGTACAAA AAAGCAGGCGTCGTCTGCCCGGACAAGGCTAGCA 3Ј, reverse: 5Ј GGGGACCACTTTGTACAAGAAAGCTGGCTGCGAGCAAAACTGC CCGTGACA 3Ј); Granulin 3 (forward: 5Ј GGGGACAAGTTTGTAC AAAAAAGCAGGCATTGCCTGTGGAGTTGGAAAGACG 3Ј, reverse: 5Ј GGGGACCACTTTGTACAAGAAAGCTGGCTCGCACTTTCCACCAT CAACAC 3Ј). Each granulin was then cloned into a Gateway vector containing 0.5 kb of the pgrn-1 promoter, the N-terminal 25 aa of progranulin (which contains a secretion signal) and a C-terminal FLAG tag plus polycistronic mCherry. Constructs were microinjected into the gonads of adult pgrn-1(-) C. elegans. Stable lines were isolated and extrachromosomal arrays for granulins 1 and 3 were integrated by UV irradiation using the method of Frank et al. (2003) . Integrated lines were outcrossed at least four times to our lab's pgrn-1(tm985) strain.
Behavioral assays
Thrashing assay. Day 1 adult animals were singled to a drop of M9 and the number of thrashes was counted for 30 s. A thrashing event was scored when the head crossed the midline. Twelve animals were scored per trial. Differences between strains were calculated by one-way ANOVA with a Bonferonni correction.
Lifespan, development, and progeny assays. Lifespan experiments were performed as described previously (Hansen et al., 2007) at 20°C. For development assays, a total of 50 synchronized eggs/strain at approximately the 100 cell stage were picked and incubated at 20°C. After 48 h, the number of animals in each stage of larval development was determined. Differences between strains were calculated by one-way ANOVA with a Bonferroni correction. Progeny assays were performed as described previously . At least 16 animals of each strain synchronized at the late larval stage (L4) of development were singled to 35 mm NGM plates with OP50 bacteria. Animals were transferred to a new set of plates every 12 h, and the number of progeny on each plate was scored 2 d after each transfer.
Standard and early-stage egg-laying. Egg laying assays were performed as described previously (Trent et al., 1983; Desai and Horvitz, 1989; Schafer and Kenyon, 1995; Weinshenker et al., 1995; Sawin et al., 2000; Dempsey et al., 2005) . Briefly, for each strain at least eight Day 1 adults were placed into 5 mg/ml serotonin hydrochloride or M9 alone and number of eggs laid determined. Total eggs laid were normalized to the total brood size for each strain. Strains were compared using a one-way ANOVA with Bonferroni correction. Early stage egg laying was performed as described previously (Bany et al., 2003) , with modifications. Briefly, ϳ30 -40 synchronized Day 1 adults of each strain were placed on a lawn of OP50 at room temperature and allowed to lay eggs for 30 min. At least 100 eggs per strain were scored for number of cells using a Zeiss dissecting scope. Embryos with eight or fewer cells were scored as "early stage." The assay was repeated twice and results analyzed with one-way ANOVA with Bonferroni correction.
Pumping and defecation. Pumping assay was performed on Day 1 adult animals as described previously (Raizen et al., 1995) . For defecation studies, at least 15 Day 1 adult animals were picked to an OP50 seeded plate. After 5 min of adaptation at room temperature, number of seconds between enteric muscle contractions was determined. Results were compared using a one-way ANOVA with a Bonferroni correction.
Microscopy and tissue integrity. Animals were mounted onto glass slides with 2% agarose pads containing 30 mM levamisole hydrochloride and imaged using a Zeiss AxioImager microscope with 5ϫ and 63ϫ DIC objectives. Of the 11 DA/DB motor neurons in C. elegans, the nine most posterior were scored in the neuron counting assays due to masking of DB3 and DA2 by GFP coinjection marker. Neurons were counted as whole if they displayed both an intact cell body and axon. All six VC neurons were scored in the neuron counting assays. Body length of each animal was measured using ImageJ software. Bacterial packing was assessed through blind visual scoring of images of the pharynx taken at 63ϫ magnification. Necrotic PVC interneurons were counted at 63ϫ magnification in 100 animals at L2, L3, L4, and Day 1 adulthood and summed and normalized to the number of animals assayed to determine the total PVC neuron death for each strain.
Quantitative RT-PCR. Mixed stage worms were collected and total RNA was isolated using TRIZOL (Invitrogen) and purified using a DNAfree kit (Ambion). RNA concentration and purity were assessed using a Nanodrop ND1000 spectrophotometer. Two micrograms of RNA were used to synthesize cDNA using the iScript cDNA synthesis kit (Bio-Rad). For qRT-PCR, primers for TDP-43 and reference genes were used at a concentration of 300 nM; sequences are described in Table 6 ). Adjacent tissue blocks were fixed, embedded in paraffin wax, sectioned, stained for hematoxylin and eosin, and rated for astrogliosis (0 -3 scale). Frozen tissue blocks were chosen for inclusion based on a level of severe (2-3ϩ gliosis) or absent (0 -1ϩ gliosis) neurodegeneration in the adjacent fixed tissue block. Using these criteria, we selected the middle frontal gyrus (severe neurodegeneration) and calcarine cortex (absent neurodegeneration) to interrogate by Western blot. Tissue sections were suspended in RIPA buffer with protease inhibitors, sonicated, and subjected to SDS-PAGE and Western blotting with a novel anti-human granulin E antibody. The following epitope used to generate the anti-human granulin E rabbit polyclonal antibody: ECGEGHFCHDNQTCCR. We performed dot blots to determine cross-reactivity of our anti-granulin E antibody with other human granulins. This antibody specifically recognizes granulin E and not granulins A-D, F, G, or petite (p, paragranulin). Table 2 . F, pgrn-1(ϩ/Ϫ); TDP-43 animals exhibit impaired motor coordination compared with the wild-type N2 strain (n Ն 11). For all panels: ns, not significant; wt, wild-type; mut, mutant; het, heterozygote; *p Ͻ 0.05, **p Ͻ 0.01 by one-way ANOVA. Error bars represent SD.
Results

Neuronal TDP-43 impairs specific behaviors
TDP-43 proteinopathy by stably expressing human TDP-43 behind a pan-neuronal egl-3 promoter in a wild-type N2 background. Upon characterization of two independent lines of this strain, we found defects in motor coordination consistent with that seen by others (Fig. 1A) . Interestingly, other stereotyped motor programs, such as pharyngeal pumping and defecation were unaffected in these animals ( Fig. 1 B, C) . We further investigated the effect of TDP-43 on the animal's rate of larval development and lifespan. In both cases, we found that neuronal TDP-43 expression did not significantly impair these behaviors Table 2 ). These findings suggest that certain neuronal populations, including neurons involved in the thrashing program, are more sensitive to TDP-43, whereas other circuits and processes are preserved.
TDP-43 toxicity is unaffected by loss of the pgrn-1 gene but worsened by heterozygosity
Because progranulin haploinsufficiency is associated with TDP-43 pathology, we asked whether progranulin gene dosage modulated the phenotype of animals expressing TDP-43. Similar to the human protein, C. elegans progranulin is produced throughout life and is secreted from a number of tissues including a subset of head neurons and the intestine . We crossed a null pgrn-1(tm985) allele into our neuronal TDP-43 strains. The pgrn-1(tm985) mutant produces neither progranulin mRNA nor protein . As no progranulin protein is produced, by extension, granulins also are not produced in these animals.
First, we examined motor coordination. Despite the fact that loss of progranulin improves an animal's ability to successfully respond to stressful stimuli (Judy et al., 2013) , complete loss of the pgrn-1 gene did not alter thrashing for better or for worse in TDP-43 animals (Fig. 1A) . Pharyngeal pumping and defecation, which were unaffected by the presence of TDP-43, were also not worsened by loss of pgrn-1 (Fig. 1 B, C) . We next tested rate of development. Compared with controls, pgrn-1 mutants at baseline have slightly delayed development . Expression of TDP-43 in a pgrn-1(-) mutant background did not further delay development (Fig. 1D) . Finally, we examined lifespan in pgrn-1(-); TDP-43 animals and found no significant effect of pgrn-1 loss on longevity ( Fig. 1E ; Table 2 ). Together, these data suggest that complete loss of the pgrn-1 gene, and therefore loss of both progranulin and granulins, does not exacerbate neuronal TDP-43 toxicity.
In humans, loss of two progranulin alleles causes NCL while loss of one allele leads to FTLD-TFP. Therefore, we next asked whether pgrn-1 heterozygosity impacts TDP-43 toxicity. In contrast to pgrn-1 null animals, pgrn-1(ϩ/Ϫ);TDP-43 animals exhibited significantly impaired motor coordination compared with TDP-43 in a wild-type background (Fig. 1F ) . This finding suggests that partial loss of progranulin gene function impacts TDP-43 toxicity in a manner distinct from complete loss of function. It also implies that the granulin cleavage products, which are not seen in nulls but are found in heterozygotes, may play a role in this toxicity. To interrogate this possibility, next we examined the effect of individual granulins when expressed in the absence of full-length progranulin.
Expression of individual granulins impairs reproduction, development and growth in pgrn-1;TDP-43 animals
The C. elegans progranulin protein has three granulin domains (1, 2, and 3), compared with seven and one-half granulins in humans. Nematode granulins 1, 2, and 3 are most closely homologous to human granulins F, B, and E ( Fig. 2A) . The relative simplicity of the C. elegans progranulin protein allowed us to examine each of the granulins individually. Therefore, we generated transgenic strains expressing FLAG-tagged granulin 1, 2, or 3 behind the endogenous progranulin promoter in a pgrn-1(-) background (heretofore referred to as gran 1, 2, or 3 animals; Fig.  2A ). These strains produce no full-length progranulin, only granulin fragments. We then crossed each pgrn-1(-); gran strain to our pgrn-1(-);TDP-43 animals to produce pgrn-1(-); TDP-43; granulin 1, 2, or 3 lines (heretofore referred to as gran1, gran2, gran3 animals) . We quantified granulin expression in each of these strains by Western blotting. We found no statistically significant difference in granulin expression (Fig. 2B) . Similarly, we found no differences in the subcellular localization or secretion efficiency of granulin 1, 2, or 3 when fused to GFP (Fig. 2C,D) .
Upon generation of the TDP-43;granulin strains, we noted an alteration in fitness of some lines. Wild-type animals produce ϳ300 progeny in their lifetime. TDP-43 expression decreases the number of progeny by ϳ10% (Table 3) , similar to the number of progeny in pgrn-1 mutants . pgrn-1(-); TDP-43 animals had ϳ23% decrease in progeny compared with pgrn-1(-), but addition of granulins 2 and 3 decreased this even further by 51 and 71%, respectively. Of the granulins, only granulin 1 did not alter progeny production when coexpressed with TDP-43 (Table 3) .
After hatching from eggs, C. elegans pass through four larval stages before reaching adulthood. We measured rate of development by quantifying the number of animals that had reached the L4 stage 48 h after the 100 cell embryo stage. We noted that the TDP-43;gran2 and TDP-43;gran3 animals were most delayed, with no animals reaching L4 stage 48 h after collection of synchronized eggs (Fig. 3A) . Although TDP-43;gran2 and TDP-43; gran3 animals were developmentally delayed, once they reached the L4 stage they appeared grossly indistinguishable from wildtype (Fig. 3B) , suggesting a protracted but otherwise normal developmental program.
Despite appearing normal at the L4 stage, we found that with increasing age, the TDP-43;gran2 and TDP-43;gran3 animals appeared smaller and thinner than control animals. To quantify these differences, we measured the body length of each Day 5 adult animal and scored them as "small size" if they were two SD below the average length of the wild-type strain. Although equal in size at L4 stage, strains expressing both TDP-43 and granulin 2 or 3 failed to undergo postlarval somatic growth, and therefore by Day 5 of adulthood measured significantly smaller than control animals or those expressing TDP-43 or granulin alone ( Fig. 3C-E) . Some animals also displayed widening of the pharynx with packed bacteria, suggesting ineffective forward movement of food into the intestine. Thus, we blindly scored the animals for the presence of bacterial packing in the pharynx. TDP-43;gran2 and TDP-43;gran3 animals also displayed more bacterial packing in the pharynx (Fig. 3F-H ) . Once again, the combined effects of TDP-43 and granulin 2 or 3 suggest that they act together to promote toxicity. Of note, the TDP-43;gran 1 animals do not demonstrate decreased progeny number, delayed development, reduced size or pharyngeal bacterial packing. These data support differential roles for granulin 1 compared with granulins 2 and 3.
Neuronal circuits exhibit differential susceptibility to the effects of TDP-43 and granulins
We earlier showed that TDP-43 selectively affected thrashing over pharyngeal pumping and defecation (Fig. 1) . These behaviors are subserved by distinct neuronal circuits and neurotransmitters. The thrashing circuit generates coordinated movement through cholinergic neurons (such as DA and DB) activating dorsal body wall muscles, whereas GABAergic neurons (such as VD) simultaneously inhibit ventral wall muscles. Gran 1, 2, and 3 animals exhibited normal thrashing compared with wild-type (Fig. 4A, solid bars) . In contrast, coexpression of granulin 2 or 3 with TDP-43 caused the resulting animals to have a substantially The average number of progeny per strain was determined for strains as indicated. The percentage difference from the pgrn-1(-) strain and the percentage of progeny laid after Day 5 of adulthood are indicated.
worse motor phenotype than TDP-43 alone, again suggesting a synergistic effect between TDP-43 and granulins 2 and 3 (Fig. 4A , hatched bars; Table 4 ). Consistent with the reproductive, growth and developmental findings, TDP-43;gran1 animals did not display additional motor dysfunction beyond that seen with TDP-43 alone, supporting the idea that granulin 1 has a distinct functional interaction with TDP-43 compared with granulin 2 or 3. To ensure that the observed motor phenotype was specific to transgenic expression of the individual granulins as opposed to the full-length progranulin protein, we assayed TDP-43 animals expressing full-length progranulin in a pgrn-1(-) background. We found that expression of full-length PGRN-1 did not worsen the thrashing ability of TDP-43 expressing animals, suggesting that the toxic phenotypes observed are specific to the individual granulins (Fig. 4B) . To determine whether endogenous fulllength progranulin could ameliorate the effects of the individually expressed granulins, we then tested strains with TDP-43 and granulins expressed in a wild-type background (N2;TDP-43; gran). We found that presence of endogenous progranulin does not mitigate the motor dysfunction associated with granulin and TDP-43 coexpression (Fig. 4C) .
The defects in thrashing seen in TDP-43;gran2 and TDP-43; gran3 animals could be due to dysfunction in cholinergic, GABAergic or both types of neurons. To determine which neurons were adversely affected, we investigated additional behaviors. Defecation is a stereotyped motor behavior in C. elegans that is primarily subserved by GABAergic neurons (McIntire et al., 1993) . Neither TDP-43 nor granulins alone impaired defecation. Similarly, coexpression of TDP-43 and granulins 1, 2, or 3 did not impair the normal defecation cycle (Fig. 4D) . The relative resistance of this circuit to TDP-43;granulin supports a lack of susceptibility of GABAergic neurons to these proteins. It also indirectly suggests that in the thrashing assay, cholinergic neurons were dysfunctional.
We also investigated pharyngeal pumping. The pharyngeal nervous system consists of 20 neurons that can be divided into 14 different types (Albertson and Thomson, 1976) . Of these 14 types of neurons, three appear to be required for normal pumping: M3, M4, and MC (Avery and Horvitz, 1987; Raizen and Avery, 1994; Raizen et al., 1995) . When tested on Day 1, pharyngeal pumping was no different from wild-type in all strains tested, including TDP-43;gran strains (Fig. 4E) . We had noted bacterial packing in the pharynges of Day 5 adult TDP-43;gran2 and TDP-43;gran3 strains (Fig. 3F ) , suggesting an inability to efficiently move bacteria from the pharynx to the intestine. This suggests an alteration in pumping in Day 5 adults, which can lead to decreased food intake and stunting of growth, as we observed in TDP-43; gran2 and TDP-43; gran3 animals (Fig. 3C ). Therefore, we tested pharyngeal pumping in Day 5 adults. Once again we saw no change in the number of pumping cycles (Fig. 4F ) . Defects in M4, a weakly cholinergic neuron, lead to animals that still pump, but bacteria become trapped in the corpus and anterior isthmus due to inefficient isthmus peristalsis (Avery and You, 2012) . These animals then fail to grow because they cannot pass food into their intestine. This is precisely the phenotype that we see in TDP-43;gran 2 and TDP-43; gran3 strains-small animals that pump at the normal rate but ineffectively. This supports pumping as another cholinergic circuit that is differentially susceptible to coexpression of TDP-43 and granulins 2 and 3.
TDP-43;granulin animals exhibit decreased progeny production and extended reproductive span
To further investigate the effects of granulin and TDP-43 coexpression on C. elegans behavior, we performed lifespan assays. Like TDP-43 alone, granulin 3 expression did not significantly impair lifespan; however, animals expressing both granulin 3 and TDP-43 were short lived compared with controls (median lifespan of 8 vs 16 d; Fig. 5A ; Table 5 ). We noted that the majority of early deaths in TDP-43;gran3 animals was due to "bagging" or internal hatching of progeny, suggesting that coordination and/or control of egg laying in these animals was impaired. To . Animals expressing TDP-43 with granulin 2 or 3 exhibit circuit-specific neuronal dysfunction. A, Granulin 2 and 3 impair motor coordination when coexpressed with TDP-43. Data are averages from 3 separate trials (n ϭ 12 per trial). TDP-43 with coinjection marker alone was tested and had no effect on thrashing compared with TDP-43 alone (data not shown). B, Coexpression of full-length progranulin (P pgrrn-1 ::pgrn-1::rfp) with TDP-43 in a pgrn-1(-) background does not alter motor function (n ϭ 12 per trial). C, Endogenous progranulin does not ameliorate motor defects caused by coexpression of granulins 2 and 3 with TDP-43 (n ϭ 12 per trial). D, Granulins did not impair defecation in TDP-43 animals (n ϭ 15 per trial). E, Granulins did not impair pharyngeal function in TDP-43 animals (n ϭ 15 per trial). F, Pharyngal pumping was measured at Day 5 of adulthood as previously described. No significant differences were seen between strains. Data shown represents one trial (n ϭ 6 per trial). For all panels: ns, not significant; wt or w, wild-type; mut or m, mutant; ***p Ͻ 0.0001 by one-way ANOVA. Error bars represent SD. Unless otherwise indicated, data are from Day 1 adult animals. 
TDP-43
TDP-43 *** *** *** *** *** --pgrn-1(-);gran3 ns *** ns *** ns *** -pgrn-1(-);gran3; TDP-43 *** *** *** *** *** ns *** further examine this bagging phenotype, we performed progeny assays. We found that alone, gran 2 and 3 animals had slightly smaller brood sizes but no more bagging than wild-type (Table 3 ; Fig. 5B ). TDP-43 alone seemed to provoke bagging, however coexpression of TDP-43 with granulin 2 or 3 further decreased progeny production and resulted in more animals dying from internal hatching of progeny. Interestingly, the gran 2 and 3 strains, as well as their TDP-43 expressing counterparts had prolonged reproductive spans even though their total progeny were fewer (Table 3 ). This suggests that granulins alone can modulate reproductive behavior, although presence of TDP-43 once again has a synergistic effect.
Dysfunctional cholinergic neurons cause a constitutive egg laying defect in TDP-43;gran animals
The egg laying circuit in C. elegans has been described at the cellular and molecular level. The hermaphrodite specific neuron (HSN) promotes egg-laying through serotonin (5-HT) signaling onto the vulval muscles. Defective release of serotonin (5-HT) from HSN neurons results in internal hatching of progeny also known as an egg-laying defective (Egl) phenotype (Desai et al., 1988) . To determine whether loss of HSN activity underlies the Egl phenotype we observed, we provided exogenous 5-HT in the media. If defective release of 5-HT from HSN were responsible for the bagging of TDP-43;gran2 and TDP-43;gran3 animals, we would expect this maneuver to provoke egg laying. However, exogenous 5-HT did not stimulate egg laying in TDP-43;gran 2
and TDP-43;gran3 animals ( Fig. 6A) , suggesting intact 5-HT signaling from HSN. During the egg laying assay, we noted that TDP-43;gran2 and TDP-43;gran3 animals spontaneously laid eggs into M9 liquid buffer and also in the absence of food (Fig. 6B) , conditions in which wild-type animals will normally inhibit egg laying (Riddle et al., 1997) . This hyperactive or constitutive egg laying (Egl-C) phenotype is seen when cholinergic VC neurons fail to inhibit 5-HT release from the HSN (Bany et al., 2003) . Wild-type animals typically retain eggs in the gonad for a period of development to the 30 -100 cell stage before release, whereas Egl-C animals lay early staged eggs (Bany et al., 2003) . We quantified the number of early stage eggs, scored as eggs with eight or fewer cells, produced by our strains. We found, like other Egl-C mutants, that TDP-43;gran2 and TDP-43;gran3 animals laid substantially more early stage eggs than N2, TDP-43, or granulin animals (Fig. 6C) . Thus, similar to the thrashing and pumping assays, these findings support a loss of function of cholinergic neurons.
The hyperactive Egl-C phenotype of TDP-43;gran2 and TDP-43;gran3 animals is at odds with the frequent bagging we observed in our lifespan and progeny assays. The bagging that we observed tended to occur on Day 4 or after during the reproductive span. It is possible that with age, the HSN neurons also become dysfunctional thus leading to bagging.
Granulins promote TDP-43 accumulation
We were interested in how coexpression of TDP-43 with granulins 2 and 3 led to the neuronal dysfunction that we observed. First, we looked for evidence of neuron loss. We used P unc-129 ::GFP to visualize the DA and DB motor neurons associated with locomotion and P lin-11 ::pes10::GFP to visualize the ventral type-C motor neurons associated with egg laying. These neurons are associated with the abnormal thrashing and egg laying behaviors we observed previously. We found no evidence of neuron loss in the different strains (Fig. 7 A, B) , which was also the case in other models of TDP-43 proteinopathy (Ash et al., 2010) . At autopsy, individuals with TDP-43 proteinopathies exhibit neuronal cytoplasmic inclusions, which are the result of abnormal nuclear clearance and resultant cytoplasmic accumulation of TDP-43 (Lee et al., 2012) . Therefore, we investigated whether the subcellular localization of the TDP-43 changed with granulin expression. We observed no change in nuclear localization of TDP-43 in TDP-43;gran strains (Fig. 7C) . Similarly, no change in (Table 5) . B, Percentage of animals with internally hatched progeny for each strain. gran3 8.9 Ϯ 0.5 74/90 Ϫ45.7 *** *** TDP-43 S409/S410 phosphorylation could be detected in granulin strains (Fig. 7D) . TDP-43 toxicity is dose-dependent, with relatively small increases in the protein having significantly more neuronal toxicity (Barmada et al., 2014) . Therefore we wondered whether the levels of TDP-43 were altered in granulin expressing animals. Granulin 1 is robustly expressed (Fig. 2B) but did not alter TDP-43 levels.
Interestingly, TDP-43 levels were higher in animals coexpressing TDP-43 with granulin 2 or 3 compared with control animals (Fig.  7 D, E) . The mechanism by which gran 2 and 3 increased TDP-43 could be pre-or post-translational. Therefore, we performed qRT-PCR for TDP-43 mRNA levels. We found no significant differences in TDP-43 mRNA levels, suggesting a posttranslational mechanism for TDP-43 accumulation (Fig. 7F ) . Together, these data suggest that granulins 2 and 3 appear to exacerbate TDP-43 toxicity by promoting its accumulation via a post-translational mechanism.
Mutations in progranulin have been directly linked to FTLD but allelic variants may also influence other neurodegenerative diseases including Alzheimer's Disease (AD; Brouwers et al., 2007; Perry et al., 2013) . Thus, we assessed the effect of the granulins on other C. elegans neurodegenerative disease models. deg-1(d) animals express a mutant calcium channel that leads to loss of the touch receptor cells (Chung et al., 2000) . Expression of granulin in a deg-1(d) background had no effect on touch neuron survival (Fig. 7G) . We also tested a C. elegans model of tauopathy. Unlike our TDP-43 model, granulin coexpression had no effect on tau toxicity. (Fig. 7H ) . Together, these data suggest that granulins exhibit specificity in their ability to exacerbate the injurious effects of TDP-43.
Progranulin cleavage products accumulate in human neurodegenerative disease
Little is known about progranulin cleavage in humans. Therefore, we next asked whether progranulin cleavage products are seen in human neurodegenerative disease. To do this, we assessed the levels of cleaved granulins in control subjects and individuals with AD or FTLD-TDP, the subtype of neurodegeneration found in progranulin mutation carriers. Subject characteristics are found in Table 6 . As internal controls for the diseased brain regions [middle frontal gyrus (MFG), defined as a gliosis score or 2-3], we used nondiseased brain tissue [calcarine cortex (CC), gliosis score or 0 -1] from the same individuals. The same regions were sampled in control subjects. To ensure that we were measuring granulins, we generated a novel anti-human granulin antibody that specifically recognized granulin E. When we used this anti-human granulin E antibody for Western blotting, we found that a ϳ33 kDa band was consistently over-represented in the diseased brain regions compared with nondiseased region and this was not seen in control subjects (Fig. 8 A, B) . This suggests that cleavage of full-length progranulin into granulin fragments is a part of the disease process in AD and FTLD. To our knowledge, this is the first demonstration of progranulin cleavage from human neurodegenerative disease subjects. We also used this antibody to probe human progranulin expressed in C. elegans. It also shows that human progranulin can be processed into smaller cleaved fragments when transgenically expressed (Fig. 8C ).
Discussion
In this study, our goal was to specifically interrogate the role of granulins in the pathobiology of neurodegenerative disease. We made several novel observations. First, we showed that progranulin gene dosage impacts TDP-43 toxicity. We also found that specific disease-relevant circuits were more vulnerable to the combined effects of TDP-43 and granulin. The ability of granulins to exacerbate toxicity in neurodegenerative models was specific to TDP-43 in the models that we tested. Further, we demonstrated that although granulins 1, 2 and 3 were all expressed, granulins 2 and 3 exacerbated TDP-43 toxicity while granulin 1 did not. We also showed that granulins 2 and Figure 6 . Expression of TDP-43 with granulins 2 and 3 results in a constitutive egg-laying (Egl-C) phenotype. A, Animals were treated with 5 mg/ml serotonin hydrochloride (5HT) for 1 h and then eggs laid were quantified (n ϭ 8 per strain). B, Animals were treated with M9 for 1 h and then eggs laid were quantified. Granulin; TDP-43 animals exhibited constitutive egg laying (n ϭ 8 per strain). C, The percentage of early-stage eggs laid by Day 1 adults from each strain. Granulin; TDP-43 animals exhibited premature egg laying (data shown are the average of two trials, n Ն 100 per trial). For all panels: ns, not significant; wt, wild-type; mut, mutant; *p Ͻ 0.05, **p Ͻ 0.01 by one-way ANOVA. Error bars represent SEM.
3 increased levels of TDP-43 via a post-translational mechanism. Finally, we showed that in diseased brain regions from patients with AD and FTLD, cleavage fragments of progranulin accumulate. Together, these data are the first demonstration of a toxic role for granulins in neurodegeneration and offer a potential mechanism, impaired clearance of TDP-43, to pursue further.
Heterozygous, loss-of-function progranulin mutations associated with FTLD lead to the deposition of TDP-43 inclusions, thus we chose a C. elegans model of neuronal TDP-43 proteinopathy for our study. We used wild-type rather than mutant forms of TDP-43 as our model for three reasons. First, wild-type TDP-43 causes a mild but reproducible behavioral phenotype compared with the severe deficits seen with mutant TDP-43 Figure 7 . Granulins 2 and 3 promote TDP-43 accumulation. A, Intact DA/DB motor neurons (cell bodies and axons) were quantified for pgrn-1(-) and TDP-43;gran 3 animals expressing the P unc-129 ::GFP neuronal marker. No significant differences were found (n ϭ 10). B, VC neurons (cell bodies and axons) were counted for pgrn-1(-) and TDP-43;gran 3 animals expressing the P lin-11 ::GFP neuronal marker. No significant differences were found (n ϭ 10). C, Images of TDP-43::GFP nuclear localization in Day 1 adult worms. Arrows indicate neuronal nuclei. TDP-43 was observed only in nuclei and not in neuronal cell bodies or extensions. D, Western blot against total TDP-43 and phospho-TDP-43 (S409/S410) for indicated strains. E, Quantitation of total TDP-43 from Western blots, normalized to actin loading control. Data shown represents the average of three independent trials (unpaired Mann-Whitney test, single tail, *p Ͻ 0.05; error bars represent SEM). F, TDP-43 mRNA levels were determined by qPCR using two different primer sets for TDP-43. Shown is the fold-change in expression compared with the pgrn-1;TDP-43 strain. No significant differences were observed (n ϭ 3 independent biological replicates, one-way ANOVA, error bars represent SD). G, Granulin does not affect deg-1(d)-induced touch cell necrosis. Necrotic PVC touch receptor neurons were quantified in strains through development and the percentage of animals demonstrating necrotic cells determined (n Ն 120, error bars indicate SEM). H, Granulin does not further impair motor control in tau transgenic strains (n ϭ 12; ns, not significant, one-way ANOVA; error bars represent SD). (Liachko et al., 2010) . A mild phenotype would increase the likelihood of recognizing exacerbation if granulins contributed to toxicity. Second, others have shown that wild-type and mutant TDP-43 have potentially different modes of toxicity. A315T mutant TDP-43 disrupts calcium homeostasis and leads to activation of the necrotic cell death pathway, but the mechanism of wild-type TDP-43 toxicity is less clear . Finally, progranulin mutations lead to disease in the setting of wildtype TDP-43 (Gass et al., 2006) ; therefore, wild-type TDP-43 is more clinically relevant to progranulin haploinsufficiency.
What constitutes progranulin haploinsufficiency? Several groups have shown that this condition results in decreased progranulin mRNA (Coppola et al., 2008) and circulating protein levels (Ghidoni et al., 2008; Finch et al., 2009; Sleegers et al., 2009) . Because progranulin proteases presumably maintain their normal function, it is reasonable to speculate that similar absolute levels of progranulin are subject to protease digestion, regardless of starting levels. Therefore, relative levels of the cleaved granulins would be increased. This scenario could help explain why progranulin mutation carriers have less than half the expected levels of circulating progranulin, despite one normal progranulin allele. Reagents to assess granulin levels are lacking, thus direct measures of these cleavage products have not been made. Given that granulins have been shown to act in a reciprocal fashion with progranulin (Zhu et al., 2002) , investigation of granulin function in neurodegenerative disease is critical to understanding both the mechanism of disease and the implications of progranulin replacement therapies.
The granulin motif is both ancient and highly conserved. Progranulin knock out mice and tissue culture studies have shown a role for progranulin in regulation of innate immunity (Park et al., 2011; Pickford et al., 2011; Tang et al., 2011; Matsubara et al., 2012) , neuronal connectivity and survival (Kleinberger et al., 2010; Tapia et al., 2011; Gass et al., 2012; Ward et al., 2014) , as well as response to injury and environmental toxins (Tao et al., 2011; Xu et al., 2011; Almeida et al., 2012; Martens et al., 2012; Tanaka et al., 2013; ). Yet these studies either have no granulin present or lack of characterization of granulin levels. Indeed, the groups that have specifically investigated progranulin heterozygote mice show a phenotypic difference from null mice (Ahmed et al., 2010; . Earlier, we had leveraged the power of C. elegans genetics and behavioral analysis to show that progranulin null mutants exhibit enhanced stress response and accelerated clearance of apoptotic cells Judy et al., 2013) . However, in these studies, it is not clear whether it was Figure 8 . A granulin cleavage product is over-represented in diseased brain regions from AD and FTLD patients. A, Anti-granulin E and anti-actin Western blots of postmortem brain tissue from control subjects or patients with pathological diagnosis of AD or FTLD-TDP-A. Tissue was sampled from diseased regions with high gliosis (middle frontal gyrus, MFG) and nondiseased areas with low gliosis (CC) in AD and FTLD subjects and the same areas in control individuals. A ϳ33 kDa band is marked by arrowheads. See Table 6 for clinical information. B, Quantification of the ϳ33 kDa fragment from control or neurodegenerative disease subjects normalized to actin. Shown is the fold-change in signal intensity in CC compared MFG (*p ϭ 0.023, Student's t test). C, Anti-granulin E Western blot of C. elegans strains expressing human progranulin tagged with mCherry. Arrowheads indicate specific bands, open arrowhead indicates a granulin E cleavage fragment. The pathological diagnosis, age at death, gender, post-mortem interval (PMI), and secondary pathological findings for all subjects in Figure 8 are listed. All subjects were negative for Pgrn mutations. AGD, Argyrophilic grain disease.
loss of progranulin or the granulins that conferred the phenotypes. We reasoned that by expressing granulins in the absence of progranulin, we could begin to dissect the contributions of cleaved granulins. It remains to be seen whether expression of a noncleavable form of progranulin can counter the effects of the granulin fragments. It is also notable in our study that not all of the granulins exacerbated TDP-43 toxicity. High resolution NMR suggests that of the human granulins, only A, C, and F take on a defined threedimensional structure in solution while granulins B, D, E, G, and petite are poorly structured disulfide isomers (Tolkatchev et al., 2008) . C. elegans granulin 1 is most homologous to human granulin F, which is predicted to be highly structured. Conversely, granulins 2 and 3 are most homologous to human granulins B and E, which are predicted to lack consistent structure. The different functional consequence of granulins 2 and 3 compared with granulin 1 may relate to these structural differences.
It remains to be determined how granulins 2 and 3 increase TDP-43 levels, although in this study we have shown here that it likely involves a post-translational mechanism. Phosphorylation at S409/S410 is unchanged, but other post-translational modifications remain possible. Intriguingly, in humans, progranulin is delivered to the endolysosomal system by its receptor, sortilin (Hu et al., 2010) , so granulins may regulate lysosomal degradation of TDP-43. Though C. elegans does not have a direct homolog of sortilin, it does have sortilin-like receptors whose significance in this process remains to be determined. While TDP-43 toxicity is dose-dependent, increasing protein clearance by inducing autophagy can ameliorate its toxicity and is a potential site of therapeutic intervention (Barmada et al., 2014) .
Nonetheless, the identification of a pathological role for granulins in the setting of TDP-43 proteinopathy has several implications. It suggests that progranulin null animals may not be complete in their modeling of FTLD, but rather be better models for the progranulin null state found in juvenile onset NCL. It also suggests that granulins may be potential drug targets. Finally, until the functions of granulins are better understood, the prospect of progranulin repletion as a therapeutic option should be approached with caution. Progranulin repletion into a proinflammatory milieu with activated proteases could lead to enhanced relative levels of granulin, which may ultimately be harmful.
